Abstract: Photonic spin Hall effect (SHE) can be an effective sensor for determining the refractive index (RI) variation of a sensing medium. How to further improve its sensitivity is a very interesting and important issue. In this paper, we theoretically propose a weak measurement method for enhancing the sensitivity of the photonic SHE-based RI sensor by reducing the influence of the in-plane wavevector. Of particular interest, our results indicate that the sensitivity of the presented configuration reaches about 3.16 × 10 −7 RIU/μm which shows nearly two orders of magnitude improvement compared with the conventional one. Remarkably, this method can be applied for wide range of RI variation of the sensing medium while keeping the high sensitivity.
Introduction
When a linearly polarized light beam is reflected or refracted at the interface of different media, its left-and right-handed circularly polarized components will separate perpendicular to the incident plane, which induces the spin splitting of light [1] , [2] . This interesting phenomenon called photonic spin Hall effect (SHE) is caused by the effective interaction between photons' spin and trajectory (spin-orbit interaction of light) [3] - [6] . The photonic SHE was firstly proposed and explained by two groups (Bliokh et al. [7] and Onoda et al. [8] ) in 2004. Generally, the spin-dependent splitting in photonic SHE is too tiny to be observed directly. Thanks to the weak measurements [9] - [13] , the Kwiat's group firstly detected the SHE of refracted light beam in 2008 [14] . Then, in 2009, Qin et al. Fig. 1 . Schematic of the photonic SHE at the interface between the air and the sensing medium. The biomolecules in the air entering into the sensing medium will change the RI from n to n + n. θ i and θ r stand for the incident and reflection angles, respectively. The incident and reflection intensities of the light beams are illustrated in (b) and (c). Here, the spin-dependent splitting can be amplified by reducing the influence of the in-plane wavevector.
[15] also observed the photonic SHE in the reflected beam by using the same method. Until now, the photonic SHE has been extensively studied in different physical systems [16] - [27] . However, most of the studies are only based on the theoretical prediction and experimental measurements of photonic SHE in different physical systems, a few works focus on its practice application.
Remarkably, owing to its unique properties, the photonic SHE holds potential applications in precision measurement. For examples, the photonic SHE can be used for measuring the thickness of nanometal film [28] , determining the number of graphene layers [29] , detecting the axion coupling of topological insulator [30] and so on. Recently, it has been found that the photonic SHE can be used for optical refractive index (RI) sensor [31] - [33] , which has high precision approximating to 10 −5 RIU/μm. How to further improve its sensitivity is a very interesting and important issue. In this work, we propose a simple and highly sensitive RI sensor model based on the photonic SHE. We consider a linearly polarized light beam reflection near the Brewster angle at the airsensing medium interface and analyze the corresponding photonic SHE. The weak measurement method is introduced to detect this tiny shifts. It is found that, by reducing the influence of inplane wavevector, the spin-dependent displacement in photonic SHE are more sensitive to the RI variation of sensing medium so that the sensitivity of the sensor can be significantly improved. We also find that, even if the RI of sensing medium changes over a wide range, the sensor can still maintain high sensitivity. The rest of the paper is organized as follows. At first, we establish a general propagation model for describing the photonic SHE in sensing medium. Then, the results for improving the sensitivity of the photonic SHE based RI sensor will be deduced and discussed. Finally, a conclusion is given.
Theoretical Analysis
We propose a simple RI sensor model based on photonic SHE as shown in Fig. 1 . The sensor is simply composed of sensing medium, one side of which is exposed to the air so that the biomolecules in the air can be adsorbed on the surface of the sensing medium inducing the changes of RI [ Fig. 1(a) ]. The photonic SHE occurs when the Gaussian beam reflects at the interface between the air and the sensing medium. Therefore, the left-and right-handed circularly polarized components will split into the opposite sides of the beam. When the biomolecules in the air enter the sensing medium, the RI will vary from n to n + n, thus the spin-dependent displacement in photonic SHE will also change accordingly. We can indirectly determine the RI of the sensing medium by measuring the spin displacement of photonic SHE. Fig. 1(b) shows the state of the incident Gaussian beam. After reflection, the spin-dependent splitting of the left-and right-handed circularly polarized beams are shown in Fig. 1(c) by considering the cases of reducing the in-plane wavevector or not. Noted that the spin-dependent shifts can be enhanced by reducing the in-plane wavevector component [34] .
The theoretical analyses of the above propose are described in the following. Note that we only consider the spin displacement for horizontal (H) polarization. The case for vertical (V) polarization can be obtained via the similar way. To reduce the influence of the in-plane wavevector component, we can consider the laser beam being focused only in the y direction using the cylindrical lens. Thus, the output light is called elliptical Gaussian beam. We note that the calculations in the present work are deduced by the Mathematica software. Firstly, the incident angular spectrum of the elliptical Gaussian beam can be written as [35] 
where w 1 and w 2 are the unfocused and focused beam waists along the x and y directions, respectively.
is the normalization constant. k i x and k i y are the transverse spatial distribution of the Gaussian beam. Then, the relationship between the incident and reflected fields can be obtained with the reflection matrix [6] :
Here, r p and r s denote the Fresnel reflection coefficients in this system. So, the reflection angular spectrum in the case of H polarization can be deduced from Eqs. (1) and (2) . In the spin basis set, the reflection angular spectrum can be written asẼ
The subscript ± stand for the left-and right-handed circularly polarized light beams. After simplification, we can obtain the reflection angular spectrum as follows
in which δ
The real spatial light field expression of the left-and right-handed circularly polarized components can be obtained by Fourier transform from Eq. (3). The photonic SHE manifests itself as the spin-dependent splitting of light beam so that the spin displacement of reflected field should be calculated. At any given plane z, the displacement of reflected field centroid is given by
Substituting the angular spectrum compoents from Eq. (3) into this formula, we can determine the spin displacement of the left-and right-handed circularly polarized light. It is noted that the Fresnel coefficients changes with the angle of incidence. To get the precision results, we should expand the Fresnel reflection coefficients by using the Taylor series expansion [30] 
Here, we find that the in-plane wavevector component k i x appears. In this work, we plan to improve the sensitivity of the RI sensor by eliminating the in-plane wavevector. However, we cannot completely eliminate the in-plane wavevector due to the limitation of experiment. Therefore, we propose to enhance the sensitivity of sensor by decreasing the influence of the in-plane wavevector. In fact, the large variation of wavevector components k i x and k iy can be introduced by focusing the incident light beam. In Eq. (1), we focus the beam only along y direction (with small waist), and the beam waist along x direction is almost unchanged. In this case, the influence of the in-plane wavevector can be reduced by keeping the beam waist along x direction to the relatively large value. Finally, substituting Eqs. (3) and (5) into Eq. (4), we can get the initial spin displacements of leftand right-handed circularly polarized components for H polarization state:
Here, χ =
. It is found that the spin displacement of photonic SHE in this model is related to incident angle, RI of sensing medium, and the beam waists along x and y directions. Usually, these spin displacements are too tiny to be observed directly. Thus, we use the weak measurement technique for amplifying this phenomenon. In the process of weak measurement, the amplification effect of spin displacement is achieved through preselection and postselection states by introducing two Glan polarizers with amplified angle which is similar to the previous works [14] , [15] . Therefore, the spin-dependent shifts can be enhanced by a factor A mod w through adjusting the amplified angle. Using centroid formula Eq. (4) 
where z is propagation distance. Note that we can determine the RI variation of sensing medium by measuring the amplified shifts of photonic SHE.
Results and Discussion
Selecting the appropriate parameters (λ = 632.8 nm), the relationship between the spin displacement [Eq. (6)] and the incident angle, RI of the sensing medium, and beam waists along x and y directions are drawn in Fig. 2 . In this work, w 1 is chosen as 350 μm and 10 μm corresponding to the unfocused and focused cases, respectively. And the waist w 2 is fixed to 10 μm. We can find that the influence of the in-plane wavevector can be reduced by 35 times if the waist w 1 is selected as 350 μm. It should be noted that the out-of-plane wavevector k y determines the distribution of electric field in y direction, which results in the photonic SHE. However, the in-plane wavevector component k x will decrease the values of spin displacement in y direction. To obtain a large transverse spin displacements, the in-plane wavevector should be reduced. Fig. 2 (a) and 2(b) describe the spin displacements changing with incident angles when the RI of the sensing medium is n = 1.33. A distinct change of photonic SHE near the Brewster angle is observed. It can be seen that when the incident angle is narrowed to a certain range, the spin displacement is linearly changed with the incident angles [as shown in the black frame of Fig. 2(b) ]. When the incident angle is fixed at Brewster angle with the RI of 1.33, the change of photonic SHE with small variation of RI of the sensing medium (from 1.33 to 1.335, and from 1.33 to 1.3315) are shown in Figs. 2(c) and 2(d). Generally, most of the biological applications happen in aqueous environment with RI ranging from 1.33 to 1.5. We can clearly see that the RI range can also be reduced to a level in which the linear relationship between the spin displacement and RI of sensing medium is achieved. This linear relationship is one of the most important performances of sensor. Under this condition, the slope of the curves stand for the sensitivity of the RI. It is found that the slope of the solid line is larger than the dashed one [ Fig. 2(d) ], which shows that the sensitivity of RI sensor based on photonic SHE can be improved by decreasing the influence of the in-plane wavevector.
However, the spin displacement in photonic SHE discussed above are too small to be observed directly. In this section, we propose to use the weak measurement method for enhancing this phenomenon and the possible setup is shown in Fig. 3 . The He-Ne laser is a light source emitting a beam of linear polarization at wavelength of 632.8 nm. Then, the light beam passes through the half wave plate (HWP) and polarizer (P1) for generating desired polarization and intensity. Note that the cylindrical lens (CL1) is used to decrease the influence of the in-plane wavevector k x by focusing the light beam only in the y direction, whose focal length along y direction is 20 mm. Here, the in-plane wavevector is nearly the same as before. After reflecting at the air-sensing medium interface where the photonic SHE happens, the light beam will enter the second polarizer (P2). Here, the P2 has an angle deviation 90 ± with P1. The angle is called the amplified angle as mentioned above. Therefore, the amplified spin displacement can be deduced, as shown in Eq. (7). Next, another cylindrical lens (CL2) is used to collimate the reflected light, whose focal length along y direction is the 250 mm. Finally, the charge coupled device (CCD) is used to measure the output light signals. In fact, we can use the precision rotation stage for adjusting the incident angle. In our measurement, we fix the incident angle to the Brewster angle. Under this condition, there exists cross-polarization effect [28] which can be used as the reference for precisely modulating the incident angle. As above, we propose a feasible method to minimize the influence of the in-plane wavevector propagation: the three-dimensional Gaussian beam is focused only in the y direction to generate k y and limit k x . In the following, we will study the amplified spin displacement changing with the RI of sensing medium for clarifying the performance of RI sensor based on photonic SHE. The results are shown in Fig. 4 . Here, the propagation distance is chosen as z = 250 mm. Note that the amplified angle is an important parameter for weak measurements. Thus, we carry out the calculation ∂A w δ H + /∂n for choosing the optimal amplification. We consider two conditions: the inplane wavevector component is completely retained or is partially reduced, as shown in Figs. 4(a) and 4(d). We can find that the optimal angles of amplification are = 25°and = 86.5°for obtaining the largest change rate of amplified spin displacement.
Generally, the sensitivity of RI sensor based on photonic SHE can be defined as S n = n/ A w δ H + . For the case of completely retaining of in-plane wavevector, the results of the amplified displacement varying with the RI are described in Figs. 4(b) and 4(c). If we choose the amplified angle ( = 2°) deviating from the optimal angle, the slope of the curve is very small showing that the sensitivity is relatively low. When the amplified angle is selected as the optimal value ( = 25°), we can see that the sensitivity can be improved to about 1.1 × 10 −5 RIU/μm. This result is similar to the previous RI sensor based on photonic SHE without considering the decreasing of the in-plane wavevector [31] - [33] . If we focus on the condition for decreasing of in-plane wavevector (from focus to unfocus the beam waist along the x direction), the amplified shifts changing with the RI are shown in Figs. 4(e) and 4(f). We can find that the sensitivity of the RI sensor based on photonic SHE can be significantly improved by reducing the in-plane wavevector. Remarkably, the sensitivity can reach about 3.16 × 10 −7 RIU/μm when the amplified angle is chosen as the optimal value = 86.5°. It shows an increase of almost two orders of magnitude compared with the conventional one discussed above. Usually, the statistical uncertainties of the amplified displacement is less than 3 μm for the CCD, so the resolvable of RI change can achieve about 9.48 × 10 −7 RIU. Note that the lock-in amplifier can be a potential tool for further increasing the resolvable of this RI sensor.
In the above analysis, we only consider the sensitivity improvement of sensor based on photonic SHE for a fixed RI (n = 1.33) of sensing medium. In fact, it should be noted that these results can be extended to wide range of RI variation while keeping the high sensitivity, as shown in Fig. 5 . Here, for examples, we choose the RI of sensing medium as n = 1.2, 1.5, and 1.8. If the biomolecules enter the sensing medium, the RI will change from n to n + n. The slope of the amplified shift curve denotes the sensitivity of the RI sensor. We can find that the slope of the different curves are very close and the corresponding sensitivity is near to the level of 10 −7 RIU/μm. Additionally, we find that the sensitivity of the sensor will increase with the decreasing of the RI of the sensing medium. Therefore, we can choose the suitable RI of sensing medium in different external environments for obtaining the high sensitivity. Interestingly, for gas sensing, the RI of sensing medium is close to 1. Thus, our proposal has potential application for gas sensing with high sensitivity.
The RI sensor based on photonic SHE studied in this work exhibits some unique properties. At first, it only needs simple structure and holds higher sensitivity. In the previous works, some models of sensors based on photonic SHE have been proposed [31] - [33] . However, their structures are complex, such as using the total internal reflection system and layered materials. And their sensitivity is only about 10 −5 RIU/μm. As for our model, we just need to consider a polarization light beam simply reflection at the air-sensing medium interface and can get the higher sensitivity at the level of 10 −7 RIU/μm. Additionally, our sensor model has higher sensitivity compared with the GoosHänchen shift based RI sensor (about 1.82 × 10 −5 RIU/μm) [36] . Secondly, this method can be applied for wide range of RI variation while keeping the high sensitivity, which is very suitable for the practical applications. Finally, the signal-to-noise ration (SNR), a very important parameter in sensor, can be greatly enhanced. Because the weak measurement method is an effective tool for improving the measurement precision due to the reason that the technical noise can be suppressed [14] , [37] , [38] . At the same time, the sensitivity of the sensor can be further improved by reducing the influence of the in-plane wavevector. It should be noted that we don't consider the influence of the size of biomolecules on the measurement results. We only calculate the overall effect. That is when the biomolecules concentration varies, the RI of sensing medium changes accordingly. But this is a very interesting topic for future investigation.
Conclusions
In summary, we have investigated the photonic spin Hall effect (SHE) of a linearly polarized light beam in sensing medium with weak measurements. We have found that the spin displacements can be greatly amplified by reducing the in-plane wavevector component, thus the sensitivity of refractive index (RI) sensor based on photonic SHE reached nearly two orders of improvement compared with the conventional method. Importantly, this model can be extended to wide range of RI variation of sensing medium while keeping the high sensitivity. These findings provide us a potential application for photonic SHE and open the possibility of developing novel spin-based nano-photonic devices.
